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Abstract 
The coexistence of superconductivity and ferromagnetism is investigated in granular Sn-Co 
nanocomposites. The nanocomposites have been prepared by co-deposition of Sn atoms and 
Co clusters, the morphology and composition of which can be tuned by varying the deposition 
rate of Co clusters relative to Sn atoms. Flat isolated Sn islands are obtained at zero or low Co 
cluster flux, while granular nanocomposites are formed with increasing Co cluster flux, 
reaching Co concentrations up to 44 vol.%. Interfaces with a low electronic transparency 
between superconductor and ferromagnet are obtained by a combination of the granular nature 
of the nanocomposites and the formation of Sn-Co alloys at the Sn/Co interfaces. The structure 
and composition of the nanocomposites have been thoroughly characterized by atomic force 
microscopy, x-ray diffraction and conversion electron Mössbauer spectroscopy. Over the entire 
Co concentration range, the hybrids show a ferromagnetic response. The superconducting 
phase boundary and the Meissner response depend on the morphology and composition of the 
nanocomposites. In particular, the superconducting critical temperature decreases with 
increasing Co concentration, while the Meissner response varies from a reversible to a strongly 
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hysteretic behaviour depending on the morphology of the samples with different Co content. 
The persistence of superconductivity at high Co concentrations is attributed to a suppression of 
the superconducting proximity effect in these nanocomposites, which is ascribed to the low 
interface transparency between the Sn and Co components that make up these hybrid systems. 
 
1. Introduction 
Coexistence between superconductivity and ferromagnetism is counter-intuitive. When applying a 
magnetic field to a superconductor, the spins of the electrons in a Cooper pair tend to align along the 
magnetic field resulting in the destruction of superconducting behaviour (the magnetic pair breaking 
effect). Moreover, in artificially created superconductor/ferromagnet (S/F) hybrid systems in which the 
magnetic component is a normal conductor, Cooper pairs and normal electrons can cross the S/F 
interface (the so-called superconducting proximity effect) which causes a further suppression of 
superconductivity [1, and references therein]. Despite these two pair breaking mechanisms, there is a 
rich variety of interesting phenomena that can occur when combining a ferromagnet with a 
superconductor, e.g. S/F proximity effects [1], vortex pinning [2–4], fluxoid quantization [5], 
magnetic-field-induced superconductivity [6], enhanced surface superconductivity [7], domain wall 
superconductivity [8]. In most of the studied S/F hybrid systems both the magnetic pair breaking effect 
and the superconducting proximity effect occur, leading to a strong interaction between S and F and a 
fast decrease in the superconducting transition temperature with increasing F concentration [9 – 16]. In 
many cases, a good interface transparency is desired in order to study the intimate mutual interactions 
between the S and F constituents governed via proximity coupling [15, 17 - 19]. In this work the focus 
is on hybrid systems with a low S/F interface transparency, i.e. where the proximity effect is 
suppressed. Such systems are also of particular interest when studying and modulating the S/F 
interaction solely due to the magnetic pair breaking effect [6]. 
Not only the hybrid composition, but also the morphology strongly influences physical properties such 
as superconductivity and magnetism [20, 21]. In the research field of S/F hybrids, both highly ordered 
(layered or patterned) systems [2, 5 – 7, 17 – 19, 22, 23] as well as systems with random distributions 
of F atoms in a S matrix [9 - 14] have been studied theoretically and experimentally. In the latter 
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systems, typical concentrations of F atoms range from less than 1 at.% to a few at.%, and a 
considerable decrease in TC (up to 35%) is observed for relatively low F concentration (7 at.%). 
An intermediate case between these extremes, both regarding ordering and modulation length scale, 
are the nanocomposites with a nanoscale modulation of S and F on length scales comparable to or 
even considerably smaller than the penetration depth or the superconducting coherence length. 
Interesting phenomena have been reported in such nanocomposite S/F systems, e.g. glassy vortex 
dynamics [24], spontaneous vortex phases [15, 16], new pinning mechanisms [25], …  
In this work, we investigate hybrid S/F systems in this intermediate range with a granular morphology 
on length scales comparable to the superconducting coherence length and in which low transparency 
interfaces are intentionally created at the nanoscale. The nanogranular morphology as well as the 
composition of the S/F nanocomposites is manipulated by using preformed nanometer-sized Co 
clusters as building blocks and by tuning the deposition rate of the Co cluster beam during co-
deposition with a Sn atomic beam. The mobility of these two subsystems is very different and the 
deposition rate of Co clusters will further affect the effective mobility of the Sn atoms.  The resulting 
granular morphology as well as the partial mixing of Sn and Co at the Sn-Co interfaces result in a low 
electronic interface transparency between superconducting and magnetic constituents. We investigate 
how morphology and composition influence the superconducting behaviour and the coexistence 
between superconductivity and ferromagnetism in systems in which the proximity effect is reduced. It 
is found that the low transparency of the S/F interfaces enables the S/F coexistence to persist up to 
high concentrations of the ferromagnetic component. Furthermore, the Meissner response is strongly 
modulated by the morphology and composition of the nanocomposites. 
We have selected nanocomposite systems composed of Sn and Co constituents. Sn can exist in two 
phases: - and -Sn (white tin). The -Sn phase, stable at room temperature, has a body-centered 
tetragonal (BCT) structure and is the only phase showing superconductivity (bulk critical temperature 
of 3.72 K [26]). Furthermore, the 119Sn isotope allows for structural characterization by Mössbauer 
spectroscopy. Tin is known to form alloys with a variety of elements, among them Co. Thus, when 
producing Sn-Co hybrid systems, the formation of Sn-Co compounds at the interface is expected. 
Co concentrations of 0, 14, 24 and 44 vol.%  were uniformly chosen within the range reported in 
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literature from a few atomic percent for paramagnetic doping of superconductors [9 - 14] up to several 
tens of percent when larger amounts of magnetic nanoparticles are incorporated in a superconducting 
matrix [15, 16, 25].  
 
2. Experimental details 
Co clusters were produced using an ultrahigh vacuum (UHV) laser-vaporization cluster source. A 
detailed description of this cluster source can be found elsewhere [27]. Two pulsed Nd:YAG lasers 
(wavelength = 532 nm, repetition rate = 10 Hz) are used to ablate material from a high purity Co 
target. As the lasers are triggered, a synchronized pulse of helium (He) gas enters the source chamber 
to cool down the plume of material created at the surface of the target and cluster nucleation starts. 
This mixture of gas, atoms and clusters expands into the vacuum through a conical nozzle after which 
cluster growth stops. By differential pumping, a well-collimated cluster beam is formed. The Co 
clusters have a size distribution centered at a diameter of about 2 nm with a full width at half 
maximum of 0.6 nm. The clusters are deposited in a low energy regime (< 1eV/atom). This ensures a 
soft landing, thus minimizing cluster deformation and damage to the substrate. The base and working 
pressures in the deposition chamber are 1×10-9 mbar and 2×10-7 mbar, respectively. These vacuum 
conditions minimize contamination of the deposited clusters. The deposition chamber is equipped with 
a Knudsen-cell from which Sn is evaporated. During deposition, the Si/SiO2-substrates were cooled 
down to 190 K using liquid nitrogen. The cluster flux is monitored with a calibrated quartz 
microbalance. By varying the Co cluster flux, the Co concentration in the S/F sample can be tuned. 
Different Sn-Co hybrid systems with Co volume concentrations ranging between 0 and 44% have been 
prepared.  
To study the sample topography, the films were transported in air to an atomic force microscope 
(AFM) (Digital Instruments Dimension system). Further structural characterization was performed by 
XRD and grazing incidence X-ray diffraction (GIXRD) with an incident angle of 5º (PANalytical 
X'pert PRO X-ray diffractometer using Cu K radiation). While XRD probes the planes parallel to the 
sample surface only (i.e., out-of-plane characterization), GIXRD gives information about planes which 
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are tilted with respect to the sample surface. To obtain the crystallite size (average coherently 
diffracting crystallite size) and the lattice parameters of the different phases, Rietveld refinement [28] 
of the XRD and GIXRD patterns was performed using the MAUD software [29]. Additional 
information on the composition of the samples was obtained by CEMS measurements [30] using the 
119Sn Mössbauer isotope. A 119mSn source in a CaSnO3 matrix is used, with a nominal activity of 10 
mCi. The conversion electrons are detected after being emitted during de-excitation of the resonantly 
excited 119Sn nucleus. The Mössbauer spectra were least square fitted with the program Recoil [31] 
using a Lorentzian line shape. All values of isomer shifts and quadrupole splittings are given with 
respect to CaSnO3 [32]. All spectra were recorded at room temperature. The superconducting and 
magnetic behaviour of the Sn-Co hybrid systems were investigated by SQUID magnetometry 
(Quantum Design, MPMS-XL). 
 
3. Results and discussion 
3.1. Structural characterization 
A pure Sn film with a nominal thickness of 60 nm is investigated, along with three hybrid systems 
having the same nominal Sn thickness with different Co concentrations (ranging from 14 up to 44 vol. 
%). The change in morphology by adding Co clusters to the Sn system is investigated by AFM. In 
figure 1, AFM images of Sn-Co systems with four different Co concentrations (0, 14, 24 and 44%) are 
shown.  
 
Figure 1. AFM images (5 x 5 µm2) of Sn-Co hybrid systems with increasing Co concentrations: (a) 
pure Sn film, (b) Sn film with 14% Co, (c) Sn film with 24% Co, and (d) Sn film with 44% Co. 
 
For the pure Sn film, a root-mean-square (rms) roughness of 58 ± 3 nm is found for a 5 x 5 µm² area , 
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while a rms roughness of 2 ± 2 nm is found for 400 x 400 nm² areas within the islands. Adding Co 
clusters to the Sn film initially increases the rms roughness for a 5 x 5 µm² area to 86 ± 4 nm. When 
comparing the hybrid Sn-Co systems, a decrease in rms roughness from 86 ± 4 nm down to 46 ± 2 nm 
is observed with increasing Co concentration from 14% up to 44% Co. By adding Co clusters, the 
morphology changes from island-like for the pure Sn film to a granular-like structure. Due to the low 
kinetic energy deposition regime (< 1eV/atom), the Co clusters are hardly deformed upon impact with 
the SiO2 surface [33]. Moreover, from the random distribution of deposited Co clusters on a SiO2 
surface (see supplementary information) it can be concluded that the diffusive mobility of the 
deposited clusters remains low [34].  
To produce systems with different Co concentrations, the Co cluster flux was adjusted between 0.02 
Å/s for the system with 14% Co to 0.06 Å/s for the 44% Co sample. The Sn atom flux was kept 
constant at 0.17 Å/s for all samples. Based on the topography observed by AFM, a growth model for 
Sn is proposed, and schematically presented in figure 2. The resulting morphology of this growth 
model is also consistent with the results of XRD, CEMS and SQUID measurements, which will be 
presented further in this paper. 
The island-like growth morphology of pure Sn is a result of the pronounced diffusive mobility of Sn 
atoms on a SiO2 substrate and the minimization of the overall surface and interface energy [35]. At 
room temperature, Sn atoms can migrate rapidly over a SiO2 substrate [36]. From the observed 
topography in figure 1 (a), it can be concluded that Sn atoms can migrate on a SiO2 substrate even at 
temperatures below room temperature (i.e., 190 K).  A schematic representation of a Sn film is shown 
in figure 2 (a). 
The observed topography evolution with increasing Co concentration, figure 1 (b)-(d), can be 
explained by the dissimilar mobility of Co clusters compared to that of the deposited Sn atoms. When 
Co clusters are co-deposited, they inhibit the diffusion of Sn atoms and hamper the island formation. 
At low Co cluster flux, Sn atoms impinging on the SiO2 substrate have time to coalesce into small Sn 
islands before they encounter an immobile Co cluster. This way, smaller isolated Sn islands are 
formed, separated by different SnCo compounds, as is schematically represented in figure 2 (b).  
When the Co cluster flux is increased, as for the 24% Co sample, the Sn atoms on the substrate do not 
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have enough time to form small islands before encountering a Co cluster on the substrate. Instead, a 
granular system is formed, composed of Co, Sn, SnCo and Sn2Co components, as proposed in figure 2 
(c). 
If the Co cluster flux is even further increased, as for the 44% Co system, the Sn atoms can only form 
very small Sn areas separated by Co, SnCo and Sn2Co components and no percolating path for the 
superconducting current is formed between these Sn areas. A schematic representation is suggested in 
figure 2 (d). 
 
 
Figure 2. Schematic representation of the suggested morphology of Sn-Co hybrids with increasing Co 
concentration; (a): side view of a pure Sn film, Sn forming large islands; (b) side view of a Sn-Co 
hybrid system with 14% Co, showing that Sn forms smaller islands in comparison to the pure Sn film, 
which are separated from each other; (c): side view of a Sn-Co hybrid system with 24% Co, showing 
that Sn forms small areas forming a percolating path; and (d) side view of a Sn-Co hybrid system with 
44% Co, proposing that Sn gets divided up into very small areas. 
 
 
XRD measurements have been performed to determine the -Sn crystallite size for the Sn-Co hybrids  
with different Co concentrations, and to identify the different phases. The XRD pattern of the pure Sn 
film is consistent with a highly textured -Sn phase oriented along (200) planes (not shown). Even 
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though this preferential alignment is also present in the -Sn phase of the nanocomposite samples, 
traces of (101) XRD peaks are also observable. This suggests that co-deposition results in a -Sn 
phase with a higher degree of polycrystallinity.     
The GIXRD patterns of the Sn-Co systems with different Co content as well as the GIXRD pattern of 
a reference pure Sn film are shown in figure 3.  
 
Figure 3. GIXRD patterns for Sn-Co hybrid systems with different Co concentrations. Symbols 
indicate the identification of the peaks appearing in the GIXRD patterns. The crystalline planes 
corresponding to the different peaks occurring in the GIXRD patterns are listed in table 1A in the 
supplementary information. Co-rich solid solutions are indicated by Sn:Co. 
 
In figure 3, the peaks marked with ‡ and † correspond to a Co-rich solid solution (Co with up to 5% 
Sn) face-centered cubic (FCC) [37] and a Co-rich solid solution (Co with 5 – 10% Sn) hexagonal 
close-packed (HCP) [38], respectively. The presence of -Sn XRD peaks confirms the polycrystalline 
nature of the -Sn formed in all samples. However, the nanocomposite systems show more -Sn peaks 
(peaks located at 44 and 45 degrees are only present in the nanocomposite samples) than the reference 
sample (i.e., pure -Sn), indicating the higher degree of polycrystallinity of the -Sn phase in the 
nanocomposite samples. The GIXRD patterns of the Sn-Co systems exhibit additional peaks, which 
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can be identified as SnCo and Sn2Co compounds. The crystalline planes corresponding to the different 
peaks occurring in the GIXRD patterns shown in figure 3 are listed in table 1A in the supplementary 
information. 
Table 1 shows the average crystallite size of the -Sn phase for the different Sn-Co hybrid systems, as 
obtained from Rietveld refinement of the GIXRD measurements. The decreasing trend in the 
crystallite size of the -Sn phase with increasing Co concentration is consistent with the observed 
topography in the AFM images shown in figure 1 and the morphology of the Sn-Co hybrids as 
schematically proposed in figure 2. 
Table 1. Crystallite size of the -Sn phase obtained from Rietveld refinement of the GIXRD data. 
 
 
 
 
 
 
Figure 4 shows the results of CEMS measurements carried out on the four samples. Mössbauer 
spectroscopy is a very powerful technique for obtaining information on the oxidation state and 
composition for all compounds containing the Mössbauer isotope (119Sn in this case) [39]. 
Sample 
Crystallite size of  
-Sn (nm) 
Sn  141 ± 3 
Sn + 14 % Co 91 ± 5 
Sn + 24 % Co 98 ± 4 
Sn + 44 % Co 71 ± 4 
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Figure 4. CEMS measurements of a Sn film (open circles) and Sn-Co hybrid systems with different 
Co concentration (14% Co: open squares; 24% Co: open diamonds and 44% Co: open stars).  The fit 
of the CEMS data is shown with a solid line. 
 
The CEMS data for the pure Sn film can be fitted by a singlet site and two doublet sites. From the fit 
we find that the singlet site has an isomer shift () of 2.76 mm/s, which corresponds to pure Sn. The 
two doublet sites have an isomer shift of 3.9 mm/s and 0.10 mm/s and quadrupole splittings () of 
1.84 mm/s and 0.38 mm/s, which correspond to SnO and SnO2, respectively. 
The CEMS data for the different Sn-Co hybrid systems can be fitted by a Sn singlet site and by three 
doublet sites for SnO2, SnCo and Sn2Co. The two doublet sites for SnCo and Sn2Co correspond to 
isomer shifts of 1.8 mm/s and 2.14 mm/s and quadrupole splittings of 1.6 mm/s and 0.78 mm/s, 
respectively [40, 41]. Both, Sn2Co and SnCo could also be identified in the GIXRD measurements 
(see figure 3). Aside from the isomer shift and quadrupole splitting, also the relative amounts of the 
different spectrum components can be extracted from the fits of the CEMS measurements, see figure 
5, which provide a link between the spectrum components and the composition of the Sn-containing 
constituents. 
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Figure 5. Relative percentages of the different spectrum components for all Sn-Co hybrid systems, 
obtained from fitting the CEMS data. 
 
Upon adding Co to the Sn films, the doublet site corresponding to SnO disappears completely from the 
CEMS spectrum, the SnO2 amount decreases, and the Sn amount increases. The possible presence of 
Co-oxides in the systems can not be excluded, but can not be studied via CEMS. 
Upon further addition of Co, the amounts of SnO2 and Sn remain approximately constant within 
experimental accuracy. A slightly decreasing trend of the pure Sn fraction could be discerned with 
increasing Co concentration. The amounts of Sn2Co and SnCo remain approximately constant with 
increasing Co amount, with only a slight increase of the total amount of the Sn-Co compound as the 
Co concentration grows.  
We recall that CEMS only probes the different chemical environments of Sn. When the Co 
concentration is increased from 14 to 44%, the main fraction of additional Co is therefore expected not 
to form compounds with Sn (there will be some doping of Co with Sn atoms giving rise to a Co solid 
solution as evidenced in the GIXRD characterization). Due to the lack of knowledge about the Lamb-
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Mössbauer factor for Sn2Co, no absolute percentages can be obtained for the different Sn-Co hybrid 
systems. 
 
3.2. Magnetic and superconducting properties  
SQUID magnetization measurements have been performed to probe the magnetic behaviour of the Sn-
Co hybrid systems and to probe the extent of coexistence of superconductivity and ferromagnetism. 
The external magnetic field Happlied was applied perpendicular to the sample plane for all 
measurements (i.e. out-of-plane configuration). The conversion factor from SI units to Gaussian units 
is provided in the supplementary information. Figure 6 shows the room temperature M(Happlied) curves 
demonstrating the ferromagnetic behaviour of the Co-containing hybrids (Co concentration ranging 
from 14% up to 44% Co). The Sn-Co systems do not show significant magnetic anisotropy when 
comparing in-plane vs. out-of-plane measurements, indicating a rather isotropic shape of the 
ferromagnetic parts. The coercive field decreases from 12 mT to 4 mT with increasing Co 
concentration. For larger Co concentrations, increased percolation between ferromagnetic parts is 
expected [42]. It was found that Sn1-xCox with x down to 0.49 still exhibits ferromagnetic properties 
[43]. This implies that the SnCo compound which is present in our Sn-Co hybrid systems (as deduced 
from XRD and CEMS measurements) will also contribute to the ferromagnetic signal, together with 
the Co-rich solid solutions. 
 
Figure 6. Magnetic moment as a function of the applied magnetic field at room temperature for Sn-Co 
systems with different Co concentrations; (a): Sn film with 14% Co; (b): Sn film with 24% Co; (c): Sn 
film with 44% Co. 
 
For the pure Sn film, no ferromagnetic response is expected at room temperature. After subtracting the 
linear diamagnetic signal, a small but unavoidable non-intrinsic magnetic background of the order of 
10-9 Am² will however always remain, even for pure Sn films (see supplementary information) and 
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gives a typical order of magnitude for the non-intrinsic background signal originating from contact 
with tools, sample holders and non-clean-room environment [44]. 
The typical measured saturation magnetization of the Co-Sn hybrids is of the order of 10-8 Am². This 
is an order of magnitude larger than the above-mentioned non-intrinsic background, but still smaller 
than the saturation magnetization of the total amount of Co present in the samples. This can be 
understood since a fraction of Co is oxidized and, hence, does not contribute to the saturation 
magnetization. Furthermore, the contribution of Co which is incorporated into SnCo to the 
magnetization is smaller than for pure Co. Also, the magnetic hysteresis loops are not yet fully 
saturated, which results in an underestimation of the actual saturation magnetization. 
The superconducting critical temperature TC of the Sn-Co assemblies has been determined by 
measuring the magnetization as a function of temperature in a low magnetic field. TC is defined as the 
onset in the diamagnetic response [20]. A paramagnetic (1/T) background was subtracted from the 
M(T) curves of the Sn-Co assemblies. The M(T) curves are measured in a broad temperature range, 
typically up to 12 K.  Above TC, where no diamagnetic superconducting signal is present, the 
measured curve is fitted with a M(T) = A/T + B dependence. This fit is subtracted from the measured 
M(T) curve in the entire temperature range, revealing only the diamagnetic superconducting response 
from which the superconducting transition temperature was determined. The width of the transition is 
~ 1 K for the pure Sn film, and amounts up to 2.5 K for the Sn-Co hybrid systems due to the 
heterogeneous composition and morphology. By measuring the critical temperature at different fixed 
applied magnetic fields, the superconducting phase boundary can be constructed. Figure 7 shows the 
(Happlied, T)-phase boundary for the Sn film and Sn-Co systems with Co concentrations of 14% and 
24%.  
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Figure 7. Superconducting phase boundaries obtained from SQUID magnetometry for a Sn film and 
Sn-Co hybrid systems with a Co concentration of 14% and 24%. 
 
A TC of 3.9 K is obtained for the Sn film which is slightly higher than TC (= 3.72 K) of the 
corresponding bulk material. This increase in TC can be attributed to the island-like and polycrystalline 
structure of the Sn film. A similar enhancement of TC has also been observed in other systems with 
granular nature, such as quench-condensed Sn films [45], multilayers of Al and Sn [46], and slightly 
oxidized Sn films [47], and is attributed to phonon confinement effects.  
The phase boundary of the Sn-Co system with 14% Co shows no change in TC compared to the pure 
Sn film. For a Co concentration of 24%, superconductivity is still observed with a TC of 2.4 K. Only 
for the highest Co concentration (44% Co), the superconducting transition (if any) has dropped below 
1.8 K and could not be observed within our experimental means. It seems surprising that such high Co 
concentrations of 24% and more can still render superconducting nanocomposites.  The TC of these 
Sn-Co hybrid systems is influenced by a combination of different effects. Phonon confinement effects 
due to the granular nature of the Sn-Co systems also occur in this case and may cause TC to increase to 
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some extent [45 - 47]. On the other hand, phenomena like the proximity effect and the magnetic pair 
breaking effect will result in a decrease of TC. The relative strength of the different effects that 
influence TC are determined by the details of the complex morphology and the interfaces between the 
superconducting, non-superconducting, and magnetic components in the hybrid system. Despite the 
very large interface area between superconducting and magnetic parts that is naturally created in 
hybrid nanocomposites with nanometer scale constituents, the intimate electronic interactions (e.g. 
through the proximity effect) are strongly suppressed if the interface transparency is low. The granular 
morphology of the Sn-Co hybrids (see figures 1 and 2) results in many disordered grain boundaries 
and a non-optimal contact area between superconducting and magnetic grains.  Moreover, the 
formation of Sn-Co compounds (figures 3 and 5) at the S/F interfaces further lowers the interface 
transparency in these systems. This low interface transparency will reduce the proximity effect as one 
of the main mechanisms to suppress the transition temperature. We can therefore attribute the 
coexistence of superconductivity and ferromagnetism at high Co concentrations to the low interface 
transparency which in turn is a direct consequence of the specific morphology and heterogeneous 
composition of these nanocomposite hybrids.  
As can be seen from figure 7, the phase boundaries of all samples show a linear behaviour HC2 = 
HC2(0)(1-T/TC) around T ≈ TC, consistent with the behaviour of dirty type II superconductors (with 
mean free path l << . The slope of the phase boundary is found to increase for increasing Co 
concentration. This is attributed to a reduction of the mean free path l (i.e. increase of scattering and 
disorder) as the Co concentration increases, leading to a smaller coherence length [48] 
( l0855.0)0(   ) and a higher critical field [48] (HC2(0) = 0/2(0)
2). Here, (T) is the 
temperature-dependent coherence length, 0 is the magnetic flux quantum (2.067833758 × 10-15 Wb) 
and 0 is the temperature-independent coherence length (material dependent, 0 = 230 nm for Sn [49]). 
The upper critical field can be estimated by a linear extrapolation of the superconducting phase 
boundary to zero Kelvin. 
The values of the critical temperature, critical magnetic field, coherence length and mean free path 
extracted from the phase boundary of each sample are listed in table 2. From this table, it can be 
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observed that HC2 can be substantially increased by increasing the Co content, without too much 
decrease in TC. 
Table 2. Sample characteristics (critical temperature (TC), critical magnetic field (HC2), coherence 
length ((0)) and mean free path (l)) extracted from the superconducting phase boundaries. 
Sample (vol. % 
Co) 
TC (K) 0HC2 (mT) (0) (nm) l(nm) 
Bulk Sn 
0 
3.72 
3.9 ± 0.1 
30.5 
39 ± 4 
- 
93 ± 5 
- 
52 ± 5 
14 ± 3 3.9 ± 0.1 59 ± 4 80 ± 5 39 ± 4 
24 ± 4 2.4 ± 0.1 109 ± 10 55 ± 3 18 ± 2 
44 ± 5 - - - - 
 
Figure 8 shows the M(Happlied) hysteresis curves measured at low temperature for pure Sn and Sn-Co 
hybrids with 14%, 24% and 44% Co concentration. The observed magnetic and superconducting 
behaviour in the different samples can be explained by the morphology proposed in figure 2. 
The M(Happlied) curve of the pure Sn film (figure 8 (a)) is strongly hysteretic and flux jumps, also called 
flux avalanches [50], can be observed at lower fields where the magnetization becomes very large and 
appears noisy with sudden jumps. Both, the large hysteresis and the avalanches, indicate that strong 
flux pinning occurs within the superconducting Sn film, where the island boundaries in the island-like 
morphology of the pure Sn film serve as strong pinning sites for the flux lines. The occurrence of flux 
avalanches in strong pinning samples can be understood within the Bean critical state model [51]: a 
large constant flux gradient across a sample is stabilized due to the equilibrium between the strong 
pinning force and the external magnetic pressure. Fluctuations in temperature can locally help to 
overcome the pinning force on the flux lines, enabling movement of flux lines. Flux line motion 
causes dissipation which will locally increase temperature. This will promote depinning of even more 
flux lines, eventually resulting in flux avalanches [50, 52].  
The M(Happlied) curves of the Sn-Co hybrids with 14% Co (figure 8(b)) and 24% Co (figure 8(c)) are 
combinations of ferromagnetic and superconducting loops. Above ~ 30 mT, the magnetic response is 
dominated by the ferromagnetic behaviour. Below ~ 30 mT, ferromagnetism and superconductivity 
coexist within the system. Surprisingly, while the 14% Sn-Co hybrid displays a reversible 
superconducting loop, the 24% Sn-Co hybrid displays a strongly irreversible superconducting loop. 
The very low magnetization signal and reversible M(Happlied) behaviour for the 14% Sn-Co system 
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(figure 8(b)) indicate the absence of or limited flux pinning in this system and are consistent with the 
behaviour of individual decoupled superconducting islands in which Meissner currents can flow [20]. 
The behaviour of the M(Happlied) curve is consistent with the morphology obtained from AFM (figure 1 
(b)) and proposed in figure 2 (b), showing this hybrid consists of decoupled Sn islands with reduced 
size.  
A strong hysteresis in the superconducting response is observed for the 24% Sn-Co hybrid (figure 
8(c)), indicating the presence of large Meissner currents and strong vortex pinning. This different 
behaviour is attributed to a change in the morphology of the 24% Sn-Co hybrid. According to the 
morphology proposed in figure 2(c), Sn forms small areas connecting into a percolating 
superconducting path, allowing Meissner currents to flow throughout the entire system. This 
morphology allows pinning of flux lines, consistent with the irreversible superconducting response. It 
should be noted that flux pinning in this Sn-Co hybrid is less strong than for the pure Sn film. Contrary 
to the pure Sn film, no flux avalanches were observed in this system.  
Figure 8(d) shows the hysteresis loop of the 44% Co sample at 1.8 K. The signal stems from the 
ferromagnetic constituents in the samples, no superconducting contribution could be observed down to 
1.8 K, the lowest temperature that can be reached in our SQUID magnetometer. Note that the 
ferromagnetic response for this sample at low temperature is only slightly higher than at room 
temperature (figures 8(d) and 6(c)). Also for the other samples, we can expect that the magnetic signal 
is not strongly temperature dependent in this temperature range (between 2 and 300 K). While there is 
no macroscopic superconductivity (above 1.8 K) observed for the sample with 44% Co, it can not be 
excluded that there is local superconductivity within the isolated Sn areas. 
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Figure 8. Magnetic moment as a function of the applied magnetic field at low temperatures for Sn-Co 
systems with different Co concentrations; (a): pure Sn film; (b): Sn film with 14% Co; (c): Sn film 
with 24% Co; (d): Sn film with 44% Co. 
 
4. Conclusions 
S/F Sn-Co hybrid systems with Co concentrations ranging up to 44 vol.% have been created by co-
depositing preformed gas phase Co clusters and thermally evaporated Sn atoms. The morphology is 
determined by the interplay of diffusion and coalescence of the Co clusters and formation of different 
Sn-Co compounds. By tuning the deposition rate of the Co clusters relative to that of the Sn atoms, the 
morphology as well as the composition of the S/F nanocomposites can be manipulated. Based on 
detailed complementary (GI)XRD, AFM and CEMS characterization, a growth model has been 
presented showing that the morphology evolves from flat Sn islands to granular nanocomposites with 
increasing Co cluster flux. Superconducting and magnetic properties for increasing Co content 
indicate that all Co-containing hybrids are ferromagnetic and, except for the highest Co-concentration 
(44% Co), also remain superconducting with increasing critical field and decreasing TC  as the Co 
content increases. The fact that superconductivity can persist up to high Co concentrations (24% Co 
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and more) is attributed to the specific nanogranular morphology and the partial mixing of Sn and Co at 
the Sn/Co interfaces which result in a low electronic interface transparency between Sn and Co. The 
Meissner response was shown to vary from a reversible to a strongly hysteretic behaviour depending 
on the morphology of the samples with different Co content. This was explained in terms of the strong 
dependence of flux pinning on the morphological features with length scales comparable to the 
penetration depth and coherence length. It is exactly at these length scales that the morphology is 
affected by varying the Co content. 
This study illustrates the intimate interplay between morphology, composition, superconductivity and 
magnetism in complex nanocomposites. Nanoscale morphology and composition can have in 
particular a strong influence on the hybrid interfaces and on the electronic coupling between the S and 
F constituents. While this does not influence as much the magnetic pair breaking (e.g. through stray 
fields), it does strongly reduce the electronic proximity effect as pair breaking mechanism. This results 
in a coexistence of S and F up to high F content in systems where S and F interact mainly via magnetic 
fields. 
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